Singular values decomposition (SVD) is one of the most important computations in linear algebra because of its vast application for data analysis. It is particularly useful for resolving problems involving least-squares minimization, the determination of matrix rank, and the solution of certain problems involving Euclidean norms. Such problems arise in the spectral analysis of ligand binding to macromolecule. Here, we present a spectral data analysis method using SVD (SVD analysis) and nonlinear fitting to determine the binding characteristics of intercalating drugs to DNA. This methodology reduces noise and identifies distinct spectral species similar to traditional principal component analysis as well as fitting nonlinear binding parameters. We applied SVD analysis to investigate the interaction of actinomycin D and daunomycin with native DNA. This methodology does not require prior knowledge of ligand molar extinction coefficients (free and bound), which potentially limits binding analysis. Data are acquired simply by reconstructing the experimental data and by adjusting the product of deconvoluted matrices and the matrix of model coefficients determined by the Scatchard and McGee and von Hippel equation.
Introduction
The determination of association constants of binding between biological macromolecules and their ligands is of fundamental importance for the characterization of the energetics of biochemical reactions. Without this knowledge, it is not possible, for example, to determine biological regulatory mechanisms to design stereochemical models to comprehensively describe the molecular interactions that determine specificity, reactivity, and allosteric regulation typical of biochemical reactions.
Investigators use a large range of experimental methods based on physical differences between bound and free ligands to determine binding constants. Among these, UV-Vis spectroscopic methods are widely used [1] [2] [3] [4] . Two factors favor these techniques as follows. First, ligands and biological macromolecules frequently contain chromophores, which absorb light in the UV-Vis region and can be used as reporters of ligand binding. Second, the techniques are relatively simple and inexpensive and generally do not require large amounts of material. However, limitations in determining association constant using spectroscopy arise when the spectral characteristics of bound species are unknown or when affinity is relatively high. In the latter case, it may be difficult to reliably determine the concentration of unbound ligands.
Another possible limitation is the spectrophotometric detection limit, which can be reduced by increasing the optical path length using, for example, liquid core waveguide (LCW) [5] . LCW was proposed as an effective solution to detect molecules at very low optical densities [5, 6] . However, the increasing optical path length employed by the LCW strategy does not minimize errors associated with hyperbolic equation linearization frequently used in a classical analysis using double-reciprocal or Scatchard plots. These errors are more apparent at low binding ratios and require nonlinear fitting [1, 7] .
Knowledge of the concentrations of free and bound ligands is required for the methods described above and typically required measurements at a single wavelength,
where = − and represents total ligand concentration; and are the bound and free molar extinction coefficients, respectively; is the absorbance; and ℓ is the optical path length. However, prior knowledge of bound and free molar extinction coefficients is required.
Without the exact knowledge of the spectra of bound and free ligands, the strong dependence of the model with ligand distribution, experimental data obtained near the detection limit, or high noise or scattering (for a long path length) may impair the ability to determine binding parameters with reproductivity and confidence, particularly when the ligand/macromolecule ratio ( ) is low. The high-affinity binding of actinomycin D (ActD) to DNA represents such an example [8] [9] [10] [11] . In these studies, the divergence between the results reported by different research groups generates a very low value, whereas larger values indicate concordance.
The problems described above can be resolved using a nonlinear fitting model linked to singular value decomposition (SVD) analysis of spectral data. SVD analysis is commonly used in UV-Vis spectroscopy and provides higher accuracy for solving problems involving least-squares minimization and other problems involving Euclidian norms [12] . Several studies employ SVD for spectral analysis of ligand binding in chemical and biochemical reactions [13] [14] [15] [16] . However, in most of cases, SVD spectral analysis is used only to determine the number of distinct spectral species associated with the course of the reaction or to minimize spectral noise, though, the binding model can be established using SVD spectral data analysis to determine binding parameters.
In the present study, we systematically describe SVD binding analysis of ligand-biological macromolecule interactions (drug-DNA) and compare the data with those acquired using standard Scatchard plots. We show that a generic binding model (e.g., Scatchard or McGee and von Hippel) can be used without prior knowledge of the ligand's bound and free molar extinction coefficients.
Materials and Methods
Let us first consider the spectra of a sample comprising species. The observed absorption (UV-Vis-Nir) of a sample, at a given wavelength with intrinsic coefficient of extinction ( ), may be quantitatively expressed within the validity of the Beer-Lambert law by the following equation:
where is the concentration of the th ligand molecule and ℓ is the optical path length. When ( ) is the vector of the extinction coefficient measured at wavelengths, ( ) represents the spectrum of the absorbance of the sample and can be written in matrix form as follows:
where E is the (wavelength) × (species) extinction coefficient matrix column and C is a matrix row of the concentration of species.
In a classical spectrophotometric titration experiment, the absorption spectra are measured at each titration step. These data can be organized in a matrix A:
where each column of the matrix A corresponds to the spectrum of each titration. Assuming that the interaction of ligand macromolecule is effectively characterized by only two spectral species (bound and free), the absorbance per wavelength in each experimental condition is given as follows:
where the ligand-free fraction and ligand-bound fraction are determinant factors for global spectral measurement and are given by the binding model. The ( ) terms are lower orders of any negligible data (noise).
In the example of (2), the experimental data matrix A can be decomposed into two factors as follows: A = DF T , where the D matrix represents the molar extinction coefficients, and the F matrix represents the free and bound ligand fractions. We can also decompose the A matrix into singular values,
where U T U = V T V = I. U and V are orthogonal (unitary), S is diagonal, and the mean diagonal values of S matrix are called singular values of S.
In particular, the most important aspect of this decomposition is that the matrix U (eigenvectors of AA T ) contains so-called basis spectra, and the matrix V (eigenvectors of A T A) contains the amplitude vectors. The singular values (eigenvalues of A T A e AA T ) determine the weight associated with each basis spectra for the global spectra [15, 16] . Defined as the rank S, that is, the minimal number of singular values for data representation, the data matrix can be rewritten as US 1 V T , where S 1 represents the rank matrix containing only a significant singular value matrix without spurious information.
The matrix D can be rewritten as follows:
where F T+ is the pseudoinverse of F T and H = V T F T+ .
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Consequently
Therefore, H can be defined by matrices V and F, and these, in turn, are defined by the SVD of the experimental data (matrix A). However, F can be defined from the bound and free fractions given by the equilibrium model. For example, taking into consideration the Scatchard model ( /[DNA] = /(1 + )), we derive the equation as follows:
where the equation solution (i.e., zero function) determines the free-species concentration ( ) as a function of the binding constant , average number of binding sites , and DNA concentration (DNA) parameters in which the total concentration is given by the sum of free and bound concentrations ( = + ). Thus, we can solve the binding parameters by setting values of and that minimize the norm
where V and H represent experimental SVD data and F is fitted by the equilibrium model. This routine was implemented in the MATLAB (The MathWorks, Inc.) program and can be accessed in Supplementary Materials available online at http://dx.doi.org/10.1155/2013/372596.
Materials and Data Acquisition.
The naturally occurring antibiotics ActD (EMD Millipore) and daunomycin (Daun, Sigma-Aldrich) were used without further purification. Phenol-extracted calf thymus DNA (ct-DNA, GE Life Sciences) was dissolved in 10 mM phosphate buffer, pH 7.5, containing 150 mM NaCl and 1 mM EDTA. The DNA solutions were passed through 0.25 m Millipore filters before the binding experiments. Drug concentrations were determined spectrophotometrically using molar extinction coefficients = 24800 M −1 cm −1 at 440 nm for ActD [4, 14] and = 7000 M −1 cm −1 at 480 nm for Daun [15] . The ct-DNA concentrations were then determined using the molar extinction coefficient at 260 nm of = 12800 M −1 cm −1 bp −1 [4, 14] . Binding isotherms were measured by spectrophotometric titration using a Cary-3E spectrophotometer (Varian, Inc.) and 50 mm path-length quartz cuvettes at room temperature (25 ∘ C). Small aliquots of the drug were added to a DNA solution in a cuvette (drug : DNA ratio, 10 −2 -10 −1 ), and drug absorbance spectra were measured at 30 to 60 min after adding the drug.
Results and Discussion
Our initial goal was to assess the potential of SVD binding analysis for analyzing the binding of drugs to DNA. We [1, 8] . The first step for applying SVD binding analysis was to compute the singular value of the experimental matrix A and define the rank of matrix S. The first three component spectra are shown in Figure 1 , and the first five singular values (diagonal components of the matrix S) and their weights are shown in each column of Table 1 .
The spectral data can be represented for only the two first singular values, describing 99% and 98% of their observed behavior. According to the data presented in Table 1 and the correlation of components (Figures 2 and 3) , we conclude that only the first and second singular values are relevant to reconstruct the experimental matrix A and that the others correlated with noise. We note that these two equal ranks indicate that they represent only two distinct spectra of ActD, one of the free drug and the other of drug intercalated in DNA. The first and second columns of matrix U represent compositors of the original spectra of free and bound drug. The values of and are weighted according to only first and second elements of diagonal matrix S for combining all the information required to describe the experimental data, while the remaining terms can be considered as noise.
Therefore, we display details only as the first two SVD components. For Figure 2 shows the -plot components of the experimental data matrix A as a function of the logarithm of total ligand concentration (symbols). In this figure, the solid lines are given by the HF T matrix, and the F matrix is defined by the fitted equilibrium model (one site Scatchard). Figure 3 shows the components (symbols) and the fitted model (solid lines) as a function of the DNA concentration.
Usually, the binding curve can be determined using classical procedures such as the Scatchard plot and computed using a nonlinear model-fitting algorithm (standard procedure); however, using one point in the absorbance spectra (1) can introduce errors. In SVD binding analysis, the fitted F matrix gives the free and bound ligand concentrations, with the advantage that model fitting uses the global spectra (all visible wavelengths) and associates each linearly independent component with one spectral species (free and bound spectra), thus minimizing spectral noise. Figure 4 shows the binding curve ( × log[ ]) determined by two methods, a standard procedure and SVD binding analysis for ActD (top) and Daun (bottom) to DNA binding.
In the SVD binding analysis, the extinction coefficients of all distinct species are given by the D matrix defined by (6) . Figure 5 shows the spectra of the free and bound molar extinction coefficients determined by SVD binding analysis for ActD binding to DNA and the free DNA-ActD sample spectra. We note that for the SVD binding analysis, previous knowledge of the free and bound ligand spectra is not required, because these are given by model fitting. This figure shows that the free spectra of ActD generated by fitting correlate highly with the free ActD spectra. Figure 6 shows similar results for Daun binding to DNA.
The absorbance spectra (matrix A) can be reproduced from numerical fitting data; that is, A Fit = DF T . The recalculated spectra (A Fit ); and the residual spectra (A Fit − A Exp ), and differences between recalculated and measured spectra are shown in Figure 7 . Most of residual spectra are below 4.0 × 10 −3 , and the rms fluctuation of all residual spectra present equals 1.5 × 10 −3 , the same magnitude as the experimental noise. The data generated by the classical and SVD methods shown in Figure 5 are nearly indistinguishable. Although Scatchard plot-fitting is more susceptible to errors at low values of , this plot highlights the differences between the standard method and SVD binding analysis. Figure 8 shows the Scatchard plot obtained by standard methodology [1, 8] responsible for the increase in slope. This can be attributed to different methodologies, because the standard method uses only one spectral point. In contrast, the SVD binding analysis uses the total spectral data and is, in principle, more precise and less sensitive to noise.
A similar analysis for Daun binding to DNA is shown in Figure 9 . The noncooperative McGee and von Hippel model . In both cases, it is apparent that the SVD binding analysis significantly reduced the error in determining binding parameters.
Validation Methodology.
The SVD binding analysis methodology described above gave a free molar extinction consistent with values measured directly ( Figure 5 ). Therefore, determining the extinction coefficient of the DNAbound molecules was required. Without prior knowledge of a drug's absorbance spectrum, extinction coefficients of bound drugs can be obtained by extrapolation of drug absorbance in the presence of a large excess of DNA binding sites. The literature values of the extinctions coefficients ( ) of bound ActD [1, 17] and Daun [18] These results indicate a good fit of the data. Therefore, to confirm these results, extinction coefficient spectra for ActD were determined directly as follows. We placed the ActD samples into two cuvettes in a double-beam spectrophotometer and titrated the samples with DNA (sample cuvette) and reference sample (reference cuvette) in an equal volume of buffer. The measured spectra are calculated using the equation = ( − )⋅ . The difference in molar extinction spectra [difference spectra ( − )] is determined by a leastsquares minimization adjustment of ( ) = [ ( ) − ( )] ⋅ , where the coefficient represents the th titration and represents the wavelength. Once the difference spectra are determined, the bound spectra ( ) are given by = ( − ) + . Figure 10 shows the difference spectra ( − ) (a) and extinction coefficients spectra ( ) (b) for ActD binding to DNA, calculated using matrix D according to SVD binding analysis formalism (dashed lines) compared with the experimental procedure described above (solid lines). This result, taken together with the representative described above, validates this technical analysis, and the results presented in Figures 8 and 9 demonstrate the actual potential of SVD binding analysis.
Conclusions
We show here that SVD binding analysis is an effective analytical tool that produces very good results compared with standard methods and offers the significant advantage of the ability to determine binding constants without prior knowledge of extinctions coefficients. Another major advantage of SVD compared with standard methods that employ only a single wavelength to determine drug concentrations is that it uses global spectra that generate more reliable data. Thus, the method presented here determines absorbance over a wide range of wavelengths. Moreover, the binding model to determine free and bound concentrations of ligand reduces noise by fitting only relevant SVD parameters in a simple and direct form. We believe that the data convincingly demonstrate the precision of SVD and its potential application to analysis of ligand binding. Moreover, the molar extinction coefficients determined by SVD binding analysis correlate closely with validated literature values. We conclude therefore that the analytical method developed here is very reliable and may provide an acceptable alternative for studying highaffinity binding systems or may be used when the molar extinction coefficient of the bound ligand is unknown.
